other than a-carboxyl and a-amino was carried out in neutral aqueous solutions and the validity of the estimation based on the summation of rate constants of amino acid residues located on surface of protein was examined, when the rate constants determined for amino acid residues present in peptide were used for the calculation.
Furtheremore, a quantum-chemical interpretation of the re tarding effect of a protonated amino group on the reaction rate of hydrogen atom abstraction by hydroxyl radical was attempted by comparing the interaction energy of the system including a glycine and a hydroxyl radical.
MATERIALS AND METHOD
Glycyl-amino acids were obtained from Nutritional Biochemicals Corp. and used without further purification.
p-Nitrosodimethylaniline (PDNA) was obtained from the British Drug Houses Ltd. and recrystallized twice from ether. Solutions for irradiation were prepared with triply distilled water and adjusted to pH 6-7 by adding 0.1 N NaOH or 0.1 N HZSO4. Irradiation condition was almost the same as described in the previous papers.'-')
The rate constants for reactions of hydroxyl radicals with the dipeptides were determined according to the method of Kraljic and Trumbore,4' taking k(OH+PNDA) =1.25x 1010 M-1 sec-1.5, Calculation of the interaction energy was carried out with FACOM 230 45S com puter according to the CNDO/2 method."
RESULTS AND DISCUSSION
Rate constants for reactions of hydroxyl radicals with several glycyl-amino acids were determined in aqueous solutions by the competition method using p-nitrosodime thylaniline as a reference substance and are shown in Table 1 . For some of the peptide listed in Table 1 , the rate constants determined at pH 2 were already given by Scholes et al.") The agreement of the values determined at pH 2 with the present ones is fairly well, except of glycylphenylalanine and glycylmethionine. Since the rate constants for reactions of hydroxyl radical with phenylalanine and methionine were reported by the same authors") to be 7.0X 103 and 5.9x 109 M-1 sec-1 respectively, 8.2 x10' and 4.0X 109 M-1 sec-1 seem to be too small for the dipeptides.
As shown in Table 1 , the rate constants of the glycyl-aliphatic amino acids are generally larger than those of the corresponding amino acids except glycylthreonine, even if the partial rate constant of glycyl moiety (4X 10` M-1 sec-1)3' is substracted from those for the glycyl-amino acids.
On the other hand, the rate constants of glycyl-aromatic amino acids and glycyl methionine are almost equal to or slightly smaller than those of the corresponding amino acids. For glycyltyrosine, the present value is somewhat uncertain, because poor solubility of the peptide at neutral pH leads to uncertainity in concentration.
In the previous works,',") the reactivity of an aliphatic amino acid or peptide was explained in terms of partial reactivities assigned to each C-H bond of the amino acid or peptide molecule. And the enhancement of reactivity of an amino acid residue present in peptide was explained by disappearance of the retarding effect due to the protonated amino group. When the same argument is applied to the present results, the estimated values indicated in the fourth column of Table 1 are obtained. They were calculated by the following equation.
kpeptide-k'lycy+ ki fi i where kg,ycy, represents the partial rate constant for glycyl moiety and k; for ith C-H bond of C-terminal amino acid residue. k; were evaluated from the rate constants of simple glycyl-aliphatic amino acids." fi is a correction factor due to the effect of functional group(s) other than a-carboxyl and a-amino. As compared with the case of simple glycyl-aliphatic amino acids," the agreement of the estimated values with the observed is not good, especially for glycylthreonine and glycylserine. For other glycyl-amino acids, the disagreement is not significant. Since the hydroxyl group of seryl or threonyl residue is known to form an intramolecular hydrogen bond with peptide bond in myoglobin,12) the hydrogen bond formed may restrict the reaction with hydroxyl radical. The enhancement of the reactivity of amino acid residue in peptide was interpreted by disappearance of the retarding effect due to a protonated amino group," because for aliphatic amino acids larger rate constants were generally reported in alkaline solution than in neutral solution.
For example, the rate constant for reaction of hydroxyl radical with glycine was determined by pulse radiolysis using thiocyanate ion to be (1.7±0.17) X 10' M-1 sec-1 at pH 5.8 and (1.8±0.15) X 109 M-1 sec-1 at pH 9.5.10' Since pK2 of glycine is 9.60 and pKa of hydroxyl radical is 11.9, the rate constant determined at pH 9.5 approximately corresponds to the reaction of hydroxyl radical with the equimolar mixture of NH,' and NH,-forms of glycine.
This suggests that the enhancement of reactivity toward hydroxyl radical is caused by deprotonation of amino group.
Wigger et a1.13' reported that CH,-NH, reacts rapidly with hydroxyl radical to form CH3-NH radical but CH,-NH,' reacts slowly with the radical.
In the case of NH,-form of amino acid, it should be considered that hydroxyl radical may attack the amino group to give N-radical.
However, ESR studies confirmed the C radicals in alkaline solution of aliphatic amino acids."," ' The results indicate that the attack of hydroxyl radical on amino group can be neglected in discussion of hydrogen abstraction reaction. The partial reactivity which was found in the reaction of aliphatic amino acid with hydroxyl radical could be well explained by the interaction energy between an aliphatic amino acid and a hydroxyl radical at a close contact dis tance."' A similar calculation was carried out to interpret the effect of a protonated amino group on the reactivity toward hydroxyl radical. The geometries used for the calculation are shown in Fig. 1 . N, C, C, 0 and 0 atoms in NH,'-form or H, H, N, C, C, 0, and 0 atoms in NH,-form lie on a plane. In the system including a glycine and a hydroxyl radical, the distance of C-H10 (C-H9) and O-H10 (0-H9) shown in Fig. 1 were already confirmed to give the minimum energy."' The geometry may be roughly approximated as an activated state. The bond angle of H-0-H10 (HOH9) was also con firmed to give the minimum energy in the previous work." ' The total energy shown in Table 3 was obtained as a sum of one and two-atom terms,'''' and two-atom terms (interatomic interaction energies) are separately shown to indicate the contribution of the terms on the reactivity.
The difference in interaction energy between NH3+ and NH2-glycine, calculated from the total energies, is about 8.1 kcal mol-1 and that from the two-atom terms is about 8.7 kcal mol-1. The reactivity of the equimolar mixture of NH3+ and NH2-glycine is about a hundred times greater than that of NH,'-glycine and hence the difference in activation energy at 300 K was evaluated to be approxim ately 3 kcal mol-1 if assumed that the pre-exponential terms are identical in Arrhenius equation.
The difference in interaction energy obtained theoretically is considerably larger than that estimated from the experimental result. This may be attributable to the insufficient approximation of the configuration of activated complex. However, the argument based on the interaction energy appears to be relevant to the qualita tive explanation of the retarding effect of protonated amino group. Two-atom terms gave almost the same difference in energy as that from total energy. The difference in stabilization energy due to H-0 bond formation, Ex-o, is rather small between NH3+ and NH2-glycine, while the energy change due to stretching of C-H bond, Ec-x, differs Egly+ox are -53460.9 and -53032.6 for NH3+ and NH2-glycine, respectively. b) Two-atom terms for Hlo (H9) atom and a-carbon atom of glycine. c) Two-atom terms for H10 (H9) atom of glycine and oxygen atom of hydroxyl radical.
from each other. Therefore, it is concluded that the reactivity toward hydroxyl radical depends mainly on the energy needed for stretching of C-H bond of glycine.
Since the reactivity of glycine toward hydroxyl radical was determined in aqueous solution, the effect of neighboring water molecules on the reactivity should be con sidered. For the purpose, we calculated the interaction energies between glycine and hydroxyl radical when a water molecule approaches to the hydrogen atom of amino group along the extended axis of H-N, using the geometries reported by Imamura et al. 1 7' for the calculation of stabilization energy of glycine-water system . The inter action energy was calculated at 2.60 A of the distance O-H-N for NH,'-glycine and at 0 2.50A for NH2-glycine respectively, because the minimum energy was obtained at the distances, respectively. The difference in interaction energy was 11.3 kcal mol-1 from the total energies and 8.7 kcal mol-' from the two-atom terms.
Since the retarding effect due to carboxyl group is rather small,',"' it may be concluded that the reactivity is not significantly affected by the neighboring water molecules. Egly+ox are -65905.3 and -65467.4 for NH3+ and NH2 glycine, respectively. b) Two-atom terms for H10 (H9) atom and a -carbon atom of glycine-water . 0> Two-atom terms for H10 (H9) atom of glycine-water and oxygen atom of hy droxyl radical.
